Interaction of surface and interface plasmons in extremely thin Al films on Si(111) The collective electronic excitations in Al thin films with thickness down to mono-atomic layer were studied by scanning tunneling microscopy and angle-resolved high resolution electron energy loss spectroscopy. Clear evidences for a coupling of the Al surface plasmon and Al/Si interface plasmon were observed for the film thickness below 3 ML, which induces a splitting of the normal Al surface plasmon mode. The experimental results can be well explained by a classical model for surface plasmon excitations. Collective electronic excitation in thin metallic overlayers has been a subject of persistent interest due to its relevance with various fundamental properties of solids 1 and its importance in applications such as surface enhanced Raman scattering (SERS) and surface plasmonic devices. [2] [3] [4] Thin metal films are known to support surface plasmons on both sides, which would interact and split into the symmetric and asymmetric modes if the penetration depth of the plasmon field is larger than the film thickness. 5 In the retarded regime, surface plasmon coupled with light gives rise to surface plasmon polariton whose wavelength is typically in the micrometer range. Therefore the coupling effect is relatively easy to be observed. [6] [7] [8] However, in the self-sustained, nonretarded surface plasmon regime, the typical surface plasmon wavelength is only a few angstroms. Thus investigating the interaction of surface plasmon and interface plasmon becomes very challenging, and there have been very rare examples reported to date. Liebsch et al. studied the plasmon excitation in potassium (K) thin films on Al(111) and reported a thickness dependent plasmon excitation, which they attributed to the coupling effect. 9 However in K thin films on Ni(111), Chiarello et al. did not observe coupling even for film thickness below 2 ML. Instead, they found the plasmon energy dispersion is very similar to that of a thick polycrystalline K film. 10 A more recent work by Zielasek on the evolution of the surface plasmon of Cs on Sið111Þ7 Â 7 with increasing coverage, starting from the submonolayer coverage, reported no evidence of coupling either. 11 In addition, in most of these works, no distinguishable interface plasmon modes could be observed other than the normal surface plasmon mode.
The difficulty in this topic comes mainly from the extremely short wavelength of nonretarded surface plasmon, which corresponds to only 1-2 monolayers (ML) of a metal film. As such, probing the coupling effect requires an atomically smooth thin film with only a few ML thickness and an abrupt interface. Unfortunately, at such a small thickness, surface roughness due to the islanding of films 12 or interface roughness due to the formation of disordered wetting layer [13] [14] [15] [16] or intermixing at the interface 17 may significantly influence the surface plasmon properties, and the coupling effect may be smeared out. We note that in most previous experiments, a characterization of the atomic surface and interface morphology was often lacking, leading to difficulties in establishing a correspondence between the structure and the collective electronic excitation properties of thin metal films, and thus a unified picture in experiment can not be obtained.
In this letter, we report on a direct observation of the interface plasmon mode in atomically flat, ultrathin Al films grown on Si(111), and the coupling of nonretarded surface and interface plasmons using angle-resolved high resolution electron energy loss spectroscopy (AR-HREELS) and scanning tunneling microscopy (STM). AR-HREELS is particularly suitable for investigating nonretarded surface plasmons due to its wide accessible parallel momentum range (0-0.5 Å À1 ) 18 and the capability of direct excitation of the surface plasmons on smooth surfaces, which is not possible for light. STM, on the other hand, helps to provide a correlation between the atomic film structure and their surface plasmon properties. We found the coupling effect appears only in films thinner than 3 ML. The results can be well explained by a classical model for coupling of surface and interface plasmons.
The experiments were performed in an ultra-high vacuum chamber (base pressure 5 Â 10 À11 mbar) hosting a HREELS system (LK-5000), an STM (Omicron), and a low energy electron diffraction (LEED) setup. The Si(111) substrates were cut from a phosphor-doped (n-typed) Si wafer with the resistivity of 2 X cm. The clean Sið111Þ7 Â 7 surface was obtained by standard flashing to 1100 C. Atomically flat and ultrathin Al films, with thickness down to mono-atomic layer, were grown on Si(111) following the procedure reported by Jiang et al. 19, 20 In brief, a two-step procedure was adopted, which includes a termination of the Sið111Þ7 Â 7 surface by Sið111Þ ffiffi ffi 3 p Â ffiffi ffi 3 p -Al reconstruction, followed by deposition of Al thin films at 120 K. After growth, the sample was in situ examined by STM and then by HREELS at 90 K in a sample stage cooled by a constant-flow cryostat with liquid nitrogen. To get a good signal to noise ratio, the EELS measurement was performed with an incident energy of 90 eV and an incident angle of 55 with respect to the surface normal. The energy dispersion was obtained by rotating the analyzer. The momentum transfer parallel to the surface q k is calculated by 21 In the experiment, we also performed EELS measurements with different incident beam energies, and the results could be reproduced well.
Al surface is known to support a characteristic surface plasmon mode with energy around 11 eV. The energy dispersion of this mode exhibits a negative initial slope that is typically described by a jellium model. 22 It should be noted, however, that the growth of Al films on Sið111Þ7 Â 7 usually results in 3D Al islands at room temperature. By employing a low-temperature deposition and subsequent warming to room temperature, a continuous film can be obtained for film thickness above 4 ML. 16 Such kind of rough films are not suitable for investigating thickness dependent plasmon excitations. On the other hand, Jiang et al. showed that it is possible to grow atomically flat and extremely thin Al films on Si(111), 19, 20 by using a ffiffi ffi 3 p Â ffiffi ffi 3 p -Al surface as the buffer layer. Atomically smooth Al(111) film can be achieved with thickness even down to 1 ML. 19 Here we have employed the same method, and typical STM images of our Al films are shown in Fig. 1 for 1 ML, 2.5 ML, 5 ML thick films, respectively. The corresponding LEED patterns are shown together. As seen, at all different coverages, the Al films are perfectly flat. The sharp 1 Â 1 LEED patterns indicate that the films are Alð111Þ À 1 Â 1 films. In the case of 1 ML film, the Sið111Þ À 1 Â 1 LEED pattern can also be observed, indicating that the interface is atomically sharp Alð111Þ À 1 Â 1 overlapping on Sið111Þ À 1 Â 1. 19 Meanwhile, it should be noted that although the lowest achievable thickness is 1 ML (Fig. 1(a) ), 2 ML and 3 ML Al(111) films are not available in this specific case, due to the strong quantum size effect (QSE) at small film thicknesses. Instead, an atomically smooth 2.5 ML film can be obtained. 20 The 2.5 ML Al film actually consists of two normal Alð111Þ1 Â 1 layers, and a diluted 0.5 ML Al layer inserted in between. Interestingly, with a interlayer distance of 3.5 Å instead of 2.34 Å (the normal Al(111) step height), the averaged electron density in this film is almost identical to that of the normal Al(111) film. Therefore, in a jellium model one can simply regard it as a smooth Al(111) film with a thickness of 2.5 ML. At thickness !4 ML, the QSE vanishes, and the film growth switches to normal Alð111Þ1 Â 1 layer growth, as shown in Fig. 1(c) for a 5 ML film.
Angle-resolved EEL spectra were recorded for Al films with different thicknesses from 1 ML to 7 ML. For better viewing, we converted the EELS spectra into a contour map of spectrum intensity versus scattering angle, as shown in Fig. 2 . In 1 ML and 2.5 ML Al films, two prominent features appear in the map, whose energies are around 11 eV and 17 eV (referred to as P 1 mode and P 2 mode in the following), respectively. We note that in 2.5 ML film the P 2 mode appears much weaker than that in 1 ML film. With increasing film thickness to 5 ML and 7 ML, the P 1 mode dominates the spectra. The P 2 mode almost disappears completely, except some remaining tails in spectra taken at large scattering angles. The spectra recorded at 61 in 5 ML and 7 ML Al films as two examples are shown in the inset of Figs. 2(c) and 2(d) , respectively, with remaining tails marked by the black arrows.
We concentrate first on the evolution of the P 1 mode with film thickness. Figure 3(a) shows the energy dispersions of the P 1 mode for the four thicknesses, determined from the spectra fitted using a Lorentzian function. The plasmon energy in 5 ML and 7 ML Al films almost overlaps with each other and shows a clear dispersion relation with a negative initial slope, which is consistent with that of the bulk Al surface. [22] [23] [24] This result confirms that the P 1 mode is the normal surface plasmon mode and ultrathin Al films also exhibit typical jellium metal behavior as single crystal Al. Notably, in 1 ML and 2.5 ML Al films, the energy of P 1 mode is significantly higher than that of 5 ML and 7 ML Al films at small q k . With increasing q k , it gradually approaches to that of 5 ML and 7 ML Al films. The transition points are roughly 0.4 Å À1 for 1 ML film, and 0.2 Å À1 for 2.5 ML film. The thickness dependence of the P 1 mode can be understood quite well by the decaying factor, e Àq k d , of a surface plasmon field in a metal film. 25 Accordingly, the coupling strength of surface and interface plasmons decreases exponentially with the increasing film thickness or wavevector. For a particular film thickness, L, the coupling is significant for q k < 1=L, whereas it vanishes for q k > 1=L, where q c ¼ 1/L is the critical wavevector. In our case, q c ¼ 1/L for 1 ML (2.34 Å , respectively. It coincides very well with the critical wavevector, q kc , 0.43 Å À1 and 0.2 Å À1 , respectively, derived experimentally from the energy dispersion curves of the P 1 mode in 1 ML and 2.5 ML Al films. The coupling effect should induce a blue shift of the low energy surface plasmon mode, 25 as well as a broadening of the peak width, 26 which is also very consistent with our experimental observations. Therefore, the thickness dependent energy/ In the thinnest film (a), one can also observe the Sið111Þ À 1 Â 1 LEED spots from the substrate, indicating that the interface is atomically sharp.
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Qin et al. ) is too small such that EELS basically measures the plasmon excitation on the top surface, and the coupling effect is negligible. In Fig. 3(b) we show the corresponding linewidth dispersions of the P 1 mode in the four films. The plasmons in 1 ML and 2.5 ML films have significantly larger linewidth than those in 5 ML and 7 ML films. As the plasmon linewidth is determined by the strength of damping, the result indicates stronger plasmon damping in thinner films. This is consistent with the significant coupling of surface and interface plasmons and thus enhanced plasmon damping in 1 ML and 2.5 ML films. We also note that for larger q k , these curves move closer, consistent with the decreased coupling at larger q k .
The above results also suggest that even though the Al film is as thin as 1 ML Al, it still behaves like a bulk Al surface, with only an additional coupling due to the thickness effect. This is in contrast to the two-dimensional (2D) plasmon excitation observed in some metallic surfaces prepared on Si(111). 27 The reason for this is likely due to the high electron density in Al, since each Al atom contributes three free electrons. Therefore the screening effect is much stronger in Al as compared with that in alkali metal systems or semiconducting 2D systems like Si(111)-ffiffi ffi 3 p Â ffiffi ffi 3 p -Ag. 27 For the high energy P 2 mode observed in extremely thin Al films (1 ML and 2.5 ML), the thickness dependence of this mode suggests that it is a coupled interface plasmon mode. First, this mode cannot come from surface or bulk excitations, such as multipole surface plasmon or the bulk plasmon, as these modes should be even stronger in the thicker films. Second, it may neither come from the Si substrate alone, because no excitation in this range could be observed on bare Sið111Þ7 Â 7 and Sið111Þ ffiffi ffi 3 p Â ffiffi ffi 3 p -Al surfaces in our measurements. Therefore we assigned this mode to the higher branch of the coupled plasmon mode.
A quantitative analysis of the thickness dependence of the P 2 mode is shown in Figs. 4(a) and 4(b) . The energymomentum dispersion curve shows that this mode disperses upward from the beginning, in contrast to the P 1 mode which has a negative initial slope. Fig. 4(b) plots the relative intensity of P 2 /P 1 as a function of q k for two film thicknesses. A stark contrast can be found between 1 ML and 2.5 ML FIG. 2 . HREELS spectra for Al films with thickness of 1 ML (a), 2.5 ML (b), 5 ML (c), and 7 ML (d), respectively, plotted as maps of loss intensity versus the scattering angle h s . The empty circles and squares show the position of two loss bands, determined by peak fitting using a Lorentzian function. In the case of 5 ML (c) and 7 ML (d) films, only one loss band is visible; however, the peak profiles are asymmetric at large scattering angles. Two examples of the spectra measured at a scattering angle of 61 are shown in the inset. The arrows point to the expected position of the P 2 mode.
FIG. 3. (a)
The energy dispersion curves of the P 1 mode with wavevector q k for different Al film thickness. The blue arrows show the critical wavevector q kc for 1 ML and 2.5 ML Al films, respectively. (b) The dispersion curves of the full width at half maximum (FWHM) of the P 1 mode as a function of q k for different film thicknesses.
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Qin et al. Appl. Phys. Lett. 102, 051605 (2013) films. In the case of 1 ML film, the relative intensity of P 2 to P 1 mode remains almost constant with varying q k , whereas in the case of 2.5 ML film the P 2 mode is significantly stronger at small q k , and it turns weaker at larger q k . This phenomenon can be well understood based on the coupling picture. The P 2 mode originates from the interface and interacts with the P 1 mode at the surface. As in HREELS measurement electrons penetrate from the top side of the film, the probability for electrons to detect the P 2 mode depends on the decay of P 2 mode in the film, and thus it is proportional to e Àq k d . Similar to the previous discussion of the interaction of P 1 and P 2 plasmons in 1 ML film, the P 2 mode should be strong for q k up to 0.4 Å
À1
. This is the reason one observes the P 2 mode in almost the whole q k range without much decay. On the other hand, in the 2.5 ML Al film the strength of the P 2 mode decreases significantly with q k due to the faster decay of the plasmon field in the film for larger q k . For q k above 0.2 Å À1 the P 2 mode is vanishing. On the other hand, when q k is very small, interaction between P 1 and P 2 mode may even occur in thick films. This is the reason that in small q k one can observe a small bump at the position of the P 2 mode in the 5 ML and 7 ML films, as shown in the inset of Figs. 2(c) and 2(d).
For a more detail analysis we refer to the classical model proposed by Gadzuk. 28 According to Laplace's equation and boundary conditions, the following relation is given:
Al x 2 ; hx Al ¼ 15:3 eV, 29 with hx Al being the bulk plasmon energy of Al. Given that the plasmon energy of Al/Si system is larger than 10 eV, in this region the dielectric function of silicon can be approximately represented by Drude function Si ¼ 1 À Inserting the dielectric functions of Si and Al into Eq. (1), the energy dispersion is given by
From Eq. (2), there are two branches of surface/interface plasmon modes, one disperses from the surface plasmon energy of Si (12.2 eV) to that of Al (10.8 eV), and the other disperses from the bulk plasmon energy of Al (15.3 eV) to that of interface plasmon energy (16.3 eV). The experimental energy dispersions of the P 1 and P 2 modes are given in Fig. 4 (a) for 1 ML and 2.5 ML Al films. We found the energy dispersions of the P 1 mode (12 ! 10:3 eV) and the P 2 mode (16:5 ! 18:5 eV) are in agreement with the model's results. Especially, at q k % 0 Å À1 , the measured plasmon energy matches with the model pretty well. Some deviation exists, though, especially for high q k range, which may mean that a microscopic picture as well as consideration of quantum size effects 26 are needed for a more comprehensive understanding.
Finally, it is worth to compare the current result with our previous one recorded on Al films directly grown on Sið111Þ7 Â 7. 32 Instead of the coupled plasmon, the normal Al surface plasmon with a positive energy dispersion was observed in those thin Al films. We note that in the case of Sið111Þ7 Â 7 substrate, a disordered wetting layer and screening effect exist at the interface. In contrast, based on our XPS results, we found that the charge transfer between Al and Si in our present case is very weak. 19 This emphasizes that the importance of the interface structure and electronic properties on the collective excitations of electrons.
In conclusion, we have systematically investigated the collective electronic excitations in ultrathin Al films, with thickness down to mono-atomic layer. Clear evidences for the coupling of the surface and interface plasmons were found, for film thickness below 3 ML. The coupling induces a splitting of the normal Al surface plasmon mode into two branches, P 1 and P 2 . The energy and linewidth dispersions of the P 1 mode and the appearance and energy dispersion of the P 2 mode are well explained based on the coupling effect. Our work demonstrates that the coupling effect can be achieved in the nonretarded regime, and the key for observing this effect is a precise control of the interface structure and atomic flatness of thin metal films. 
